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I. INTRODUCTION

Fluid metals around normal density can be thought of as low
temperature non-ideal plasmas. They are plasmas in that the Coulomb
interactions among the constituent particles are important in determining
thermodynamic and transport properties. They are low temperature in that
even up to 1 eV the temperature is less than or comparable to the average
interlonlc electrostatic energy. The resulting high I“s (1’ = Z2e2/cr>kT)
cause the pair distribution function to look more like that of a normal
liquid than that of an ideal gas. For the present studies I’ - 10-100 22,
where Z is the effective charge of the ions. The real metallic systems
have eeveral important differences from Idealization such ●s the one
component plasma model. For ●xample, since the mean distance between
electrons r’, varies between 2 ●nd 3 in ●tomic unit. with temperatures
between 001 ●nd 1 eV, the electron gas is degenerate, but polarfzable.
Therefore, unless the electron screening is well knowns the effective
Coulomb interaction between ions cannot be spe ified.

f
Furthermore,

●ccording to the model of Aahcroft and LeknerS the packin8 fraction
along the liquidua remaine roughly constant at 0.46. As a result the
excluded volume of the ions probably cannot be ignorad ●n~here over the
deneity ran8e from two-fold compressed to four-fold expanded. These com-
plexities make realietic Wdeljng of dense fluid metals very djffjcult In
practjce.

Over the paint ueveral decade., we have developed techniques for ac-
curate thermodynamic ●nd transport measurements over ● wjde range of den-
sitjes ●nd temperatures~ The two reslons we shall concentrate on here
● re shock compression ●nd heatjng to 1 ●V ●nd two-fold densjty jncreasess
and jsobarjc expanojon to 1 eV ●nd tour-fold denoity decreases. These
experimental capabjlitjes can now produce metal samples jn stable~ equj-
Ijbrium states, defined to 1-2% in thermodynamic parameters, for times

long enough to perform other experiments.



Thera ●ra ●ev8ral raaoons for chooei~ the aeouatic velocl ty ae ●

parameter to meaeure for denee fluid metals. ?lrst, the acouatlc
velocity 1s directly related to the ●diabatic bulk dulus, a derivative
of the equation of ctate surface in PDV,E ●pace. Since the equation of
state surface may be subtly effected by chansea in interparticle
potential, measurements of the derivative will be much mre ●eneitive to
these changee. For exa~le, there is growing ●violence that ●t Ieaet ●o~
of the conduction electro e are localised in flu3d rnrcury ae the density
decreasee below 9 gin/cc. 3 Since screening by the degenerate electron garn
ie accomplished by electrons near the Fermi surface, chaugee due to lo-
calization in the deneity of states at the Fermi Surface will certainly
chas8e the effective Interparticle potential. Th re 18 indication that
this effect can be eeen in the ●coustic velocity. 3

Another reason for interest in acouatic veloc?,ties is that, when
combined with accurate data along ehack compression or isobaric expaneion
paths on the equation of state eurface, these measurements allow a purely
experimental determination of most of the important thermodynamic quanti-
ties. These include the heat capacity at constant volume, Cv, the
Isothermal bulk modulus, BT, and Criineisen’e game, y . The latter two

fquantities can be thought of roughly aai the orthogona derivative of the
P,V,T equation of state surface In that

)BT=-v~ ,
T

md (1)

)Yape.—‘GmCv ar “

In the following sectlone we will outline the mthode of reeking ●couetfc
velocity meaeuremento on samples which ●re destroyed in time scales of
milliseconds or lees, the ●nalytical techniques for calculating the ther-
modynamic quantities of intereet~ ●nd new reeults Indicating a lf.nearre-
lationship of ●couatic velocity with denmity over ● very large density
ranae.

11. SHOCKCOMPRESSION

Shock compression ie one way of obtaining fluid metals at high
temperature and density ●nd in well defined thermodynamic states. The
Irreversible nature of shock compression reeulte in large entropy or
temperature Increaeea, ●o that for sufficiently ●trong shocke the com-
pressed material will be molten. The thermodynamic state is det~rmine+,
by :he Eugoniot relatlone, which ●re noth~ns more than ●tatetin a of cou-
servatjon of mass~ momentums ●nd ●nergy across the chock front. t One com-
plex~ty often ●ncountered for solide Is avoided when the nhocked material
Ie molten. Since the momentum conservation condition alvem ● RuBoniot
equation referring to the longitudinal atreoe (I.e., In the direction of
shock propaaetjon)o the •tr~ca ten-or in the shocked solid may be unde-
termined, In the solid, lonaitudlnal ●nd transverse atreoses may be dif-
ferent , However, If the ●hoc!. melts the sample, the liquid cannot sup-
port ●lgnjflcant devlatorlc ttrecses, so the longitudinal ●nd tarqentlal
otrweeo ● re identical. For th~s case the pressure ~s well defined.



Ths quoation of ●qulllbrlum oft~n ●rlou in shock wave physics. Row
does OIM know that tha P,V, B point detctinad by dynamical mmsuremencs
in a shock wave cxparimnt datcrdnes ● point on the qulljbrjum equation
of sttte mrfac~? I-n ●ewar to that, we Imve ● saalth of emplrjcal ●ti-
dence that dynamic and stat c high pressure data norwlly agrae to within
•XpCri~ntal UnCdrt~nti@S.

{ Yurtbermre, mlecular dymmics calcula-
tions for mnatomlc system, ouch aa ~tala, Imiicmta a vary rapid equi-
libration of the translati ml degreen of freedom following an ●brupt de-
parture from ●quilibrium. 8 For these raaaona we consider that the ther-
modynamic state behind & shock io both well defjned ●nd in equilibrium.
We haw developod tachniqu~ for measuring ●coustic valocity in shock
compreso8d mcerida prlwrily to determine high pressure ~lting points.
If the compressed mterial la solid, this velocity 1s the longitudinal
●lastic wave velocity, while, if the material ic partially mlten, the
highest velocity ●coustic disturbance travels with the bulk wave
velocity.’ Since these velocities typically differ by 20- OX, it iB ●asy
to determine where the Fl~Uoniot cuwe croeaee the eolidua. i

The baeie for acoustic velocity ~asurements In chock ~lted metals
IS the use of a short ●hock, aS illustrated in F~g. 1. men ● thin plate
hjcs A target, shocks wve forward (to the rjRht on Fig. 1) from the
impact surface into the target and backward jn :!..plate. When the shock
reacheo the free rear surface of the plate, the zero preeaure boundary
conditjon requires tt,at a rarefactlon wave propagates forward in the di-
rection of the shock in the target. Thla situation corresponds to c = O
in Fig. 1. The rarefactlon wave 18 djeperaive since the leading edge is
moving into hot compressed material, in which the acouetjc velocity
normally ●xceeds the origjnal shock velocjty, while the trailing edge of
the rarefaction is moving into decompreaaed material. Uhen the
rarefactjon overtakeo the chock wave the peak shock pressure decreaaee,
as does the shock velocity. Prev~ous attempto to meaaure the overtake by
Observjng the decreaae jn shock velocity have often be

~?z
ambiguous be-

cause the uwasured wave velocjty scales Koughly as P . In thjs caae
small changes jn peak pressure result jn ●ven auk911er change8 In wave
velocit;-o

t

P

\

\
\

Flgura 1. Evolutjon of a short nhock, Att=O the
releaoe from # fr~a ~urfaca begins to overtake
tha ohock. Whan ovartake occurs the peak

preesurc ●nd thock velocjty decreaae-



TM l~rovemnt wa Ixava lntroduc,d, whlcb allows us to neaoura tho
●couatlc velocity in hot

:d::::~th” ‘h’~1

materiala ●t very high praasurc$ involve.
radlatfon from the shock front In 8 tranmparant

Sfnce tho therul radiation lntenaity verlos as ● high power of
tha te~erature ●t the shock front, or ●quivalently the chock pressure,
small decrease. $n peak pressure result in much larger frwctfoaal
decreases $n detected Mght intensjty. By chooeina ● transparent m?dium,
the opt$cal ●nalyzer, $n wh$ch the shock fromt le opaques we can seoure
ghat we ●re ~asurlng the leading edge of the shock wave structure. By
varying tt,e Dscal tarset th$cknees through wh$ch the shock wave structure
muet pass before ●ntaring the opt$cal ●nalyzer wa can make -eeu~rements
vh$ch ●now ua to extrapolate to ● target thlckneea for wtdch the
rarefactlon overtakee the ●hock at the ta:get+ptical-analyzer interface.
This exper$~ntal technique eliminate the need of complex hydrodynamic
calculations to ●ccount for perturbations due to waves reflecting from
the -tal-optical-analyzer $nterface.

The calculations requ$red to obtain the acoust$c velocity from the
measured time for

10
releaee to overtake the shock have been presented in

detail elsewhere. Since the acoustic velocity $n a flu$d determines
the slope of an Isentrope cectered on the mhock 8tate, and the P-V rela-
t$on deterinined by the Hugonlot equations (referred to as the Hugoniot)
determines the slope of a different, stiffer curve on the eq~at$on of
state surface, by differencing them one can obtain an expression for the
GrUnelsen parameter:

)YG=vg

v

ap/av)~ - ap/av)H
..- .——“ v a~~~~s-~-’jp/av)H ‘ (2)

where the subscript S refera to the isentropic derivatives, whil~ the
subscript H refers co der$vativee
meauures or calculates the temperature
volume heat capacity can be calculated

(at3/av)u +P

Cv- (?T/~V)u : (PY)T ●

along the Ilugon$ot. if one also

::::fthe ‘Uuonio” ‘he constant

(3)

The $sothermal bulk modulue is then derived from

BT - BS - ~YT

-B s - (PY)2(Cv/P)T ●
(4)

These equations have been used to nbtajn ●ll the useful th rmodynamjc
data for fluid CS1, for ●xample, up to 1.S Mbar and 10,000 K. 1?



S- of tho results m havo obtalnod for ●couotfc velocity in shock
compressed metals are shown In ?ig. 2. In the casa of Iron we found ew-
denco of a solld~olld transition ● t a shock preesure of 2 Mbar ●nd
melting at 2.S Ifbar. The data along che extension of the bulk ●ound
velocity curve (CB) are for the liquid phase, In the case of tantalum we
obse-ed only the -lting tramiclcm. In both of these casea the acous-
tic velocity 1s a linear function of density along the H~donfot in the
liquid phase.

9

e

‘+
,+’

PRESSURE (GPa)

L~ B .~ -J
100 200 200 4(W

PRESSURE [GPal

(a)

(b)

i

Fi~ure 29 Rarefncti.m wave velocity aa a function of shock pressure.
(a) Iron (Ref. 13); (b) tantalum (Ref. 1$). CB refers to the
bulk sound ~alocity.



1110 ISOBARIC lMPANSIOIl

The isobaric sxpanslon experiment ha. been developed over the past
decade to protide stable, uillbrium liquid metal samples up to four-
fold expansion and 10,000 K. ‘p The experi~nt consists of a wire elec-
trically heated in an inert gas filled pressure vessei. The roughly
square electrical pulse, with 5 Vsec rise ●nd fall times and 30-100 P
duration is chosen so that au ●pproximately l-mm+iameter wire 18 heated
quickly ●nough toawid hydrodynamic Instabfllties, such as the capillary
instability. On the other hand the heating pulse is ●1OWenough ao extra
heating of the surface through the skin effect 1. ●voided, and the
pressure throughout the saaple is nearly constant during the expansion.
Enthalpy is calculated as the time integral of the current times the
voltage, with the current and the voltage measured during the heating
pulse by a four probe method. Temperature is determined by Ultlcdor

optical pyromet~ of the wire surface, so the inert gas prevents chemical
reaction giving non-thermal radiation as well as providing the pressure
mediumo By increasing the pressure to supercritical, stable expansions
can be obtained to roughly the critical density (-4-fold expansion).

With this capability we have demonstrated that one can obtain good
pressure, density, enthalpy, and reuistivity data along an isobaric ex-
pansion curve. With the addition of pyrometric temperature
tiona, the constant pressure ‘e%ti:;heat capacity is also available.
dense metals, such as tantalum and lead, the liquid column remains stable
for tens of microseconds after the current is turned off, even at
temperatures above 8000 K.

The basis for acoustic velocity measurements in this thermodynamic
regime is a laser induced stress wave. After the current pulse has been
stopped, but before the liquid column falls apart, we irradiate one side
of the sample with a 0.1-0.5 J, 25 ns, pulsed ruby laser propagating
radially. With a focal spot of 100 p diameter we can gefierate a 10 kbar
stress wave, the veloclty of which rapidly decays to the sonic velocfty.
This wave propagates aczoss a diameter of the wire and emerges at the
opposite aide, causing a compression wave in the gas. With Schlieren
photography, we can photograph this wave in the gas and determine when It
breaks out of the sample, The sound v ocity Is then calculated from the
time interval and the sample diameter. f+

Data from many ~~eriments Ot lead ●nd tantalum ●re shown in Fig. 3.
We have chosen density as the independent variable to show the linear de-
pendence of sound velocity on density, over a factor of two expansion in
the lead data. Several pressures are represented in Fig* ~, and~ at
least in the low denalty data we can obtain a rough upper limit on the
intrineic temperature dependence of the sound velocity. Since at a den-
sity of 5-6 gin/cc the temperature spread between 1 and 3 kbar Isobars Is
greater than 500 K and the accuracy of the ~ound velocity data is better
than 4%, the Independence of sound velocity an preseure gives

ac
-mm< 0.3 km/see .

On th~ other hand, from Fig. 3a we can deterdnn that

ac
— - 1 km/eec .
alnp



Thoroforc the intrinsic te~eratur~ dependence ●t M8e -pa~io~
●ppears to be much weaker than the density dependence
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Figure 3. Acoustic velocity in heated, expanded liquid metals: (a) lead
(Ref. 13); (b) tantalum (RefC19)e

The linearity of the precent data with density is coneiatent with
other measurem~~te of sound velocity in fluid metals over much uarrower

;:::::e:llgee’
Typically C ie reported an linear in T at constant

However, the apparent temperatur~ dependence 10 probably im-
pllcit through thermal expansion.



Given th. previously obtained thermodynamic propartloo and the ●curd
v.locity, we can use the relations

Cp. $+a2~ 9

with a the thermal ●xpansion coefficient, and

Cc+cplcv *

to determine experimentally both Cv and BT*
Gm”neiscn”s aamma ae

()avy~- =C2 ,
P

(5)

(6)

Also , we can express

(7)

so the isobaric expansion data and sound velocity completely determine
the derivatives of the equation of state surfaces

IV. BIRCH’S LAW

With a linear density dependence of sound velocity both in co~rea-
sion and expansion for fluid metals, It is natural to plot both sets of
data together, The only fluid metal for which we have data both in shock
compression and Isobaric expansion Is tantalum, and this is shown along
with other available data in Fig. 4. These data show that for tantalum
the same linear relation fits both sets of data from 10 to 30 guu’cc. The
lead data from isobaric expansion is extrapolated to high density by
using the common assumptions for shocks in condensed media: shock
velocity linear in ~terial velocity and PyG constant. The reasmable
linearity of sound velocity vs density Is again to be seen. The iron and

;~~;y22tQ!3ck ‘ata are au~nced by One-tmsPhere ‘ata OnmltenThe one material which appears to fall outside the uniform
collection of data is lanthanum, for which the slope appears ●teepo Ew-
ever, we know that the acouatic velocity of this metal ia ●ffected by
;~~fffj in the electronic band structure in the density range shown

The other systematic feature of Fig. 4 Is that the slope of the
linear relations is monotonically decreasing in ●tomic mass-

This kind of plot has been presented first by Birch in an attempt to
derive the average atomic number of materials deep in the earth from
seismic velocitie8m Birch started by measuring el~~stic wave velociti
in rocks te 10 kbar, representing ● density change of less than 10Z~~
lie later included shock compression data, from which Isentropic moduli
were calculated or the shock wave velocity was uoed directly, to estab-
lish Birch’s Law: for isostructural materials the wave velocity decreases
aa tha square root of the aizan atomic maaa, while f
the wave velocity fncreases linearly with density.

j~ ● ~iven material
Since the orjg$nal

work, several people have tried to explain this linear relation ●s an

ir
approx tion to mora general solid state models over ● limited density
range, The present data show an ●pparent linearity over a much wider
density ramse than has been previously considered.
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The flrat half of Birch’s law la that Iaoatrmctural -t@riale should
hM ● mm Wlocity which ●cal.. lnvarmdy tith th. oquaro rGOt of th

man ●tdc Wai$ht. In Flu. 5 we ●hm that this ●cding works very well
for liquid metals st the 1 ●twsphmc liquidua. According to tho work of
Ashcroft amd Lekner, ~ ●ll ~tals ●t this point have rougW ~=::
packing fractiom, so the structures ●re closely similars
group maturall~ accordins to colmrn in the peritiic table ●0 the offoeta
mm be deterdned b~ ● combination of the valence, or core CharSe, and
the core ●lactromfc ●tructure- These fisurea ●haw that we have rediscove-
red Birch”a law for fluid ~tala.

V. DISCUSSION

A ●tartIns point for understanding ●couatic velocity in fluid metals
is to consider the disturbance ●a ●n ion plasma waveo ti unscreened ion
plasma wave frequency is Siven by

4wn(Ze)2+.’ (8)

where n 18 the Ion deneity, Z ia the ionic charge and M la the ionic
mass. Screening by a Sae of free ●lectrons introduce a q dependence
through the dlel~ctric function which resulte in a dispersion relatinn

‘P
-Cqm

where

()nZ2 1/2
cm—.

~(EF)
P

(9)

(lo)

~#3N(~)is thede~ity of ●tatea ●t the Fermi surface. ~(~p) Scales ae
~ so CD although it haa the proper dapandence on ionic mama ●nd

temperature, ●hould vary as the cube root of the density in this model,
●nd not linear with density. This model, developed by Bohm ●nd Stwer,
●lao fails to Sive proper q

Y3
ntitative valuaa to within ● factor of NO

●xcept for tha ●lkali metals.

By pUttiUs terme which are functions of r in tha free energy of the
aystamD one sets no closer to the erperirnntal dk~=s If the Eelmho
frae enersy i- ● function of f, as in the one-component plaema mdel, if

then

(11)

.1 05’3()a2F ,—.
9 (kT)* ar2 T



Ignoring the distinction between adiabatic ●nd iootherul ~duli, this
expression 8u~ests a stronger temperature tham density dependence for
the sound velocity.

Two mdels which do reproduce the ●xperl~ntal results ●re
variations on the van der Waalc equation o

\
Otate ● They ●re the hard

sphera van der Wula 8
2bbe0r’ ‘f ‘O”na ●nd ‘der

and a more realiatic
soft sphere versiom. Both of these tidels me of the form

P = ~ [1 + A(P,T)] - B(P) ,

(12)

where the functions A, B, C, and D are determined by fits to Monte Carlo
simulations of systems with hard sphere or soft sphera potentials. The
various parameters, such as hard sphsze radiue, or the power of tha soft
sphere potential, can be fit consistently to tha data for fluid metals,
iucludlng the linaar density dependence of the sound velocity. Two dif-
ferences between thesa ~dels and the Bohm-Staver or one component plasma
model are that the potentials are stiffer and that the non-zero core size
is explicitly included, It is uot ciear which of thasa differences is
most importantin correcting the point, charge models. The van der Waals
models are semi-empirical, however. The more.fundamental theoxiea, such
as those developed by Ashcroft
to the density dependence oi the

Recant measurements by Shaw
to 7 kbar and 450 K have given

and Langreth 30 have not yet been applied
bulk modulus.

and Caldwell on fluid ●ikali metals up
simllqr results to ours, ●lthough over ●

much mora limited thermodynamic range.4& Thay find ● weak temperature
depandance ●nd ● roughly linear density dopendenca of ●coustic velocity.
Eowever, their data is presented in tarms of ‘axperimsntalist variables”
- pressure and temperature - j.us’mad of density and temperature. Until
the inversion is done the accuracy of Birch’s law cannot be confirmed.

W@have shown that with current experimental techniques thermodynam-
ic quantities can be ~asured ●ccurately for fluid metals over ● four or
five-fold density range up to temperatures of 10,000 K. The rasult we
have presented here is that the acoustic velocity in thesa systems is
●pparently relatively insensitive to temperature ●nd linear in density
over ● vary wide thermodynamic ranga. We believe that the ionic core
propc!rtios ●re important In determining this result both through their
finita eiza and in the .tiffneos of the potantlal relatjva to ● point
change system. However, the question still remains; Vhy is ?jrch’s law
SO good?
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